S U M M A R Y
Chemotactic behaviour of ten species of motile bacteria from nine different genera toward over I 30 compounds was examined using a flat-glass capillary tube technique and microscopical observations on bacteria both individually and in mass. Negative chemotactic behaviour was uniformly exhibited against acidic (pH 1.0 to 3.0) and basic (pH 10.0 to 12.0) stimuli. Benzene, chloroform, acetone and ethanol, whilst not extensively interfering with translational movement, uncoupled tactic responses to gradients of acids or bases. Positive chemotactic behaviour towards a given carbohydrate or amino acid was a relatively constant though rather rare event, governed to some extent by the laboratory conditions imposed. The biological role of negative chemotaxis appears to be one of survival, whereas positive responses may be, in some cases, incidental or useless.
I N T R O D U C T I O N
Considerable interest in unicellular motile behaviour has recently been evinced in the hope of understanding the nature of the sensory transduction processes in these forms, e.g. leukocytes (Gamow, Bottger & Barnes, 1971) , photosynthetic bacteria (Clayton, I 958, I 964), Euplotes and Paramecium (Naitoh & Eckert, 1969a, b) , and myxamoebae (Konijn et al. 1969) . Studies on tactic responses of bacteria might, in fact, provide information basic to all sensory phenomena (Adler, 1966a (Adler, , 1969 Smith & Doetsch, 1969) . Theories concerning observed behaviour of unicells accordingly abound (Adler, 1969 Eckert, 1972) . Response specificity (Adler, 1969; Mesibov & Adler, 1972) ~ the apparent location of binding proteins in the outer membranes (Kalckar, 1971) , and the possible mode of sensing of concentration ratios (Dahlquist, Lovely & Koshland, 1972 ;  Macnab & Koshland, I 972), suggest analogies between positive bacterial chemotactic responses and sensory receptor processes in other, more highly developed, organisms.
Most of the work on positive chemotaxis in bacteria has been done using only a few strains of Escherichia coli or Salmonella typhimurium, and if generalizations concerning this phenomenon are to be made, a much wider range of bacteria needs to be examined. Accordingly, this report presents results derived from an investigation of the chemotactic behaviour of ten species of motile bacteria from nine different genera, in which all modes of flagellar arrangement, i.e. monotrichous, lophotrichous and peritrichous, are exhibited. Over I 30 compounds were examined for chemotactic effects.
Observations on chemotaxis. The procedure used was that described by Smith & Doetsch (1969) and Doetsch & Seymour (1970). Except where indicated, test compounds were incorporated into I 3 % (wlv) Ionagar (Oxoid no. 2, Consolidated Laboratories, Chicago, Illinois, U.S.A.), prepared in the buffer used to resuspend the bacteria.
Capillary tubes containing bacterial suspensions were plunged twice into Ionagar, once at the opposite end into Ionagar plus test compound, wiped clean on the exterior with lens paper, mounted on a microscope slide, and examined at 25 to 27 "C with a Bausch and Lomb ' Stereozoom' variable power microscope (magnification range : 28 to 120 x ). Adjustment of the concave substage mirror provided a 'dark-field' effect. This simple technique permitted observation of individual as well as mass reactions to the developing gradient front within 15 s of the beginning of an experiment.
Observations were made both at the interface of the 'charged' Ionagar plug and bacterial suspension, and in the region of the advancing gradient front. Negative chemotaxis was recorded when a 'band' or a dense front of bacteria formed and subsequently migrated away from the charged Ionagar plug. This response is illustrated in Smith & Doetsch (1969). Positive chemotaxis was recorded when bacteria aggregated in a mass or cloud immediately adjacent to the charged Ionagar plug-suspension interface. A positive (+) or negative (-) response was recorded only if after four or more trials with a given species-test compound combination there was at least a 75 % agreement. A variable (v) result was recorded if concurrence was obtained in less than 75 % but more than 40 % of the trials. No response (0) was recorded when no specific effect was observed. Immobilization (i), or cessation of translational movement, was occasionally noted. Individual experiments were of I 5 min duration and all reported observations were made during this time. Bacteria immobilized with 5 % (w/v) formaldehyde, or by heating at 60 "C for 10 min, and a non-flagellated (fla-) mutant of Pseudomonas JZuorescens (Smith & Doetsch, I 969) served as negative controls. I rn~-MgsO,. H20, and 0-1 mM-ethylenediaminetetra-acetic acid (EDTA) at pH 7.0. When test compounds were added to buffers, bacteria were introduced after their inclusion. When test compounds were incorporated in Ionagar (to make 'charged' Ionagar), they were added to it when the latter was between 45 and 50 "C. When the effects of carbohydrates and amino acids were studied, the phosphate motility buffer was supplemented with I ~M-(NH,),SO,, I o-, mM-L-threonine, I o-, mhl-L-methionhe, IO-, mM-1;-leucine, and 10 mM-D-galactose to permit comparison with experiments of . This buffer was designated as PMBA. Phosphate motility buffer was also fortified with I ~M-(NH,),SO, to make a buffer called PMBN. Suspending solutions were always vigorously mixed with a magnetic stirring device (Mag-Mix, no. 65906, Precision Scientific Co., Chicago, Illinois, U.S.A.) for at least an hour to saturate them with oxygen. This avoided complications due to possible oxygen depletion, or to aerotactic responses. A medium devoid of potassium phosphate, but otherwise the same as phosphate motility buffer, was also used in some experiments to assay the influence of potassium ions, or to obviate solubility problems with some inorganic salts. This was designated as DWMS buffer. All suspending fluids were adjusted to pH 7.0 using appropriate reagents.
Compounds suspended in Ionagar. A saturated solution of an inorganic salt was prepared in a given suspending reagent at pH 7.0, and then incorporated into molten Ionagar (1-5 % w/v) dissolved in the same reagent to give a 10 % (v/v) amount of this solution in it. Then the agar was allowed to solidify before being used to plug the capillary tubes. Carbohydrates and amino acids of known molecular weight were prepared as M solutions in 1-5 % (w/v) Ionagar; if the molecular weight was unknown, 10 % (w/v) solutions in 1.5 % (wiv) Ionagar were used. Acids and bases were included in Ionagar to give final pH values as indicated in the text. All compounds used were commercial reagent grades.
R E S U L T S
Chemotactic behaviour towards acids and bases. Most of the organic acids surveyed induced negative chemotactic behaviour, and a characteristic ' acidic response band ' (Smith & Doetsch, 1969) developed quickly when bacteria were exposed to them. Similarly, a ' basic response band' developed when the bacteria were exposed to gradients of inorganic bases. The following acids and bases were effective against all bacteria examined: acetic acid at pH 3.0, ascorbic acid at pH 4.0, maleic acid at 3-3, HCl at pH 1.0, and H2S04 at pH 1.0; NaOH at pH 12-0, KOH at pH 10-0 to 12.0, Ca(OH), at pH 12.0, and NH,OH at pH I 1.0. No responses were elicited by EDTA at pH 5 -2 , molybdic acid at pH 5-4, mucic acid at pH 6.5, or picric acid at pH 4-3.
Chemotactic behaviour towards inorganic salts. Fe2(S0,),, FeCl,, A12(SO,), and La(NO,),, all of which produced final pH values below 3.0 in Ionagar-phosphate motility buffer plugs, induced negative chemotactic responses in thirty-one out of forty instances (Table I) . On the other hand, HgCl,, NiClz and Cu(NO,),, whose Ionagar plugs were all above pH 3.0, were effective in only six of thirty instances. Curiously, HgC12 (PH 5.2 in Ionagar) failed to induce a negative response from any member of the spectrum tested. Similar results were obtained when the bacteria were suspended in I o mmtris (hydroxymethyl) aminomethane HCl (pH 7.0) or in distilled water.
Carbohydrates and their analogues as attractants. There was a general lack of chemotactic activity towards the carbohydrates tested ( 
* Arranged alphabetically in order of increasing number of carbon atoms in the basic carbohydrate unit.
t PMBN used instead of PMBA.
+ , Positive response; -, negative response; 0, no response; v, variable response; nd, not determined.
M concentrations were used except for: (I) aloin, dextrin and heparin, which were incorporated in 1 3 y: ( w ,~) Ionagar as I o % solutions; and ( 2 ) aesculin, arbutin, cellobiose, cellobiose octa-acetate, 1-cyclodextrin and raffinose, which were incorporated in 1.5 % (w/v) Ionagar in 10 % (v/v) amounts of saturated solutions.
PMBA was used to suspend bacteria and as solvent for the carbohydrates.
as an attractant for at least one species and only one compound, arabic acid (galactoaraban), evoked a uniformly negative chemotactic response. Only Alcaligenes faecalis of the bacteria tested, failed to respond to any compound. When PMBA buffer, which contains D-galactose, was used, a response to D-galactose was not expected. However, responses to its analogues, D-fucose (6-deoxy-~-galactose) and galactitol, to compounds with homologous skeletal segments, L-arabinose, D-lyxose, L-sorbose, L-sorbitol and D-xylose, and to D-galaCtOSecontaining compounds, D-lactose, melibiose, and raffinose, were possible. In fact, many of these were found to be attractants. In the cases of arabinose, arabitol and lyxose, both Dand L-forms were attractants for a given organism. There was no evidence of a 'universal' attractant. The highest frequency of attraction (6 of 10 species) was to adonitol (ribitol), sedoheptulose and D-sorbitol. The first two share 
F. W. K. SEYMOUR A N D R. N. D O E T S C H
a ribose moiety consisting of four -CH,OH groups, whilst D-sorbitol has a homologous configurational structure at C 4, 5,6. Pseudomonas jluorescens and Pseudomonas aeruginosa had a few attractants in common, but each responded to some compounds that the other did not. The most responsive organism was Erwinia carotovora, which was attracted to twenty-six different compounds. A greater number of monosaccharides were attractants than any other class of carbohydrates examined.
When PMBN, which does not contain D-galactose, L-methionine, L-threonine or L-leucine, was used in place of PMBA, responses to D-galactose, its analogues, compounds with identical skeletal moieties and compounds containing D-galactose, could be examined without possible interference. In the case of a-D-xylose, PMBA appeared to block a positive response by Proteus morganii, but had no effect on that of Erwinia carotovora. With D-fucose, there was an indication of interference by PMBA with the positive chemotactic response recorded for Serratia marcescens ; likewise, the response by Erwinia carotovora towards D-galactose appeared to be blocked by PMBA. Adler (1969) reported that the presence of a galactose chemoreceptor may be accompanied by a reduced response towards D-glucose, a-methyl-D-glucoside and 2-deoxyglucose. Similar results were obtained with Serratia marcescens, which showed positive chemotaxis towards 2-deoxyglucose and a-methyl-~-glucoside, as well as to D-galactose, but not towards D-glucose unless PMBA was the solvent.
If D-glucose served as an attractant for a particular species of bacteria, several analogues, compounds containing homologous skeletal moieties and a few glucose-containing compounds also evoked positive responses. Similarly, D-mannose, its structural analogue, L-rhamnose, and D-lyxose, which possesses a homologous skeletal moiety to C I , 2, 3, 4 of D-mannose, served equally as attractants for Erwinia carotovora and SpiriZlum serpens. Chemotactic eflects of amino acids. Responses of bacteria to amino acids at about pH 7-0 were more variable than towards carbohydrates, but each species responded uniquely (Table 3) . In some instances, especially with L-cysteine, test bacteria were immobilized on contact with the gradient front. Escherichia coli was neither attracted nor repelled by any amino acid, regardless of whether the system consisted of PMBA or PMBN. With Proteus morganii, when PMBA was used there was a positive chemotactic response to L-histidine and DL-isoleucine, whereas there was no response in PMBN. There were also instances wherein positive responses were observed in PMBN but not PMBA, for example : L-arginine for Proteus morganii; glycine, L-histidine, DL-isoleucine and L-proline for Bacillus Zicheniformis ; and L-histidine for Spirillum serpens.
Eflects of gramicidin D on chemotaxis. Gramicidin D is known to have complex effects on membranes, and since flagellar orientation may be controlled to some degree by membrane-mediated events (Faust & Doetsch, 197 I ; Doetsch, I972), chemotactic responses were of interest. In most instances, various formulations containing gramidicin D did not affect the motile behaviour of Pseudomonas jhorescens (Table 4) . However, in all cases except gramicidin D in distilled water, a negative response similar to that developed toward acid gradients was observed. 
Final pH of Ionagar plug 7'0 7'6 6.7 7'0 6.9 6.0 7'0 7'5 7'0 7'0 6.9 6-8 6-8 7'0 6-7 6.9 6.7 6.7 6.4 6.7 Effects of lipid solvents on negative chemotactic behaviour. Certain solvents provoked an increase in the number of reversals in translational movement, thereby markedly decreasing the average mean free paths of bacteria suspended in them. These included ( % v/v) : carbontetrachloride (0-OOI), chloroform (0-OI), hexane (0-OI), acetone ( I) and propanol ( I). Many compounds uncoupled the response of Pseudomonas jluorescens to acid or base gradients (pH I -0 and 12.0 respectively) from translational movement, without greatly interfering with it. Included among these compounds (% v/v) were: benzene (o-o~), carbon tetrachloride (0-or), acetone (I), diethyl ether (0-OI), hexane (0-or), carbon disulphide (0.2), chlorobenzene (0.04), chloroform (0.01) and propanol (I). At the concentrations employed, benzene, hexane, carbon disulphide and chlorobenzene were saturated solutions. Toluene, ethanol and butanol did not uncouple these responses at any concentration level employed, but gradients of aliphatic alcohols, in general, induced a negative chemotactic response.
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Miscellaneous eflects. Chloral hydrate (I o mM) when included in phosphate motility buffer-Ionagar, prevented a negative chemotactic response by Pseudomonas jluorescens to an acid (pH I -0) gradient, without noticeably affecting translational movement.
Adenosine-3',5'-cyclic monophosphate (M neutralized to pH 6.8 in PMBN-Ionagar) induced a positive chemotactic response only in Pseudomonas jluorescens and Pseudomonas aeruginosa among the bacteria of the test spectrum. PMB, Phosphate motility buffer; DW, distilled water; GMCD, gramicidin as a saturated solution.
D I S C U S S I O N
Molecules or ions (diffusing from Ionagar plugs) that were likely to exert harmful or lethal effects, evoked negative chemotactic responses. Thus, organic and inorganic acids, inorganic bases, and inorganic salts, whose solutions were acidic (pH 1.0 to 3.0) or basic (pH 10.0 to 12.0), induced the development of a migrating band of bacteria whose direction was away from the advancing gradient front. There appears to be survival value in the ability of a bacterium to 'sense' its environment in these instances and move away from physiologically inimical (low and high pH) areas. It seems as unlikely that bacteria would possess specific 'metal chemoreceptors' for A13+, La3+, Fe3+, Cu2+ or Ni2+, as it is to expect them to have C1-, NO3-, acetate or ascorbate receptors. A simpler explanation is that those inorganic salts, whose ionization in solutions results in low or high pH values, induce negative responses in sensitive organisms by acting as fairly strong acids or bases. Experiments in which the charged Ionagar plugs were neutralized to about pH 7.0, or where the strength of the buffer in which the bacteria were suspended was increased, resulted in abolition of, or marked inhibition of, band formation. If the bacteria were suspended directly into solutions of acids, bases or salts used for charging Ionagar plugs, they were uniformly rendered non-motile and frequently killed. The general capacity of bacteria to respond to low and high pH conditions suggests that some common mechanism is involved, and a theory attempting to unify all motile behaviour was recently proposed (Doetsch, 1972) .
Some toxic compounds are not sensed by bacteria : no bacterium examined moved away from HgC12 and results obtained with gramicidin D suggest that a compound need not necessarily be strongly acidic or basic to evoke a negative chemotactic response. Alteration of membrane potentials (Faust & Doetsch, 1971 ; Doetsch, 1972) due to changes of cation permeability may be one common feature of all tactic responses coupled directly to flagellar reorientation, and hence, translational movement. The response to gramicidin D might be explained in this manner. There was not, however, a single instance wherein any organism responded positively to a potentially lethal or toxic agent.
Results obtained from studies on the effects of carbohydrates and amino acids on the spectrum of bacteria apparently allow few generalizations. There is no explanation as to why Alcaligenes faecalis failed to show a positive chemotactic response to any carbohydrate Chemotuxis of bacteria 295 or amino acid. The lack of response of Erwinia carotovora and Escherichia coli K -I 2 to any amino acid is also puzzling, particularly as Erwinia carotovora responded to more than twenty carbohydrates.
Positive chemotaxis towards amino acids was only infrequently observed, but when a given species showed this behaviour, it did so for many of them, as, for example, did Bacillus licheniformis and Proteus morganii. Mesibov & Adler (1972) reported that Escherichia coli was attracted, under their experimental conditions, to alanine, aspartate, cysteine, glutamic, glycine, methionine, serine, and threonine. They concluded that this organism probably had two detection systems, namely, aspartate and serine ' chemoreceptors'. Armstrong (1972) pointed out that methionine auxotrophs of Escherichia coli required methionine in the medium in order to exhibit chemotactic responses.
Effects of lipid solvents in uncoupling chemotactic responses from normal translational movements are worthy of further study . Fogel & Mitchell (1971) , and Chet, Fogel & Mitchell (1971) , reported that positive responses of a marine Pseudomonas species were uncoupled in the presence of 0.5 % (v/v) ethanol. Ethanol could 'mask' possible receptors without irreversibly damaging them, since positive responses were re-initiated upon washing the organisms free of ethanol. The observations made here suggest that membrane-associated elements are reversibly altered by benzene, diethyl ether, acetone, chloroform and other solvents, possibly by changes in dielectric constant of the medium.
The demonstration of a positive chemotactic response toward a given compound by a given bacterium is probably directly dependent upon a number of laboratory-dictated conditions (Adler, I 973) . Whether these requirements are often encountered in natural environments is a moot question. Medium composition, temperature of incubation and testing, composition of suspending fluids, substrate concentration and the like, apparently do have a great influence on the experimental results of laboratory-observed chemotaxis. Furthermore, Adler (1969) has shown that Escherichia coli is attracted to compounds it cannot metabolize or to ones it cannot transport and, in fact, some key metabolites do not even serve as attractants for these organisms. Indeed, many of the compounds acting as attractants for specific organisms reported in this present work are neither fermented, oxidized, or used as sole carbon or nitrogen sources by them.
Our work suggests that whereas positive chemotactic responses may be only of fortuitous and occasional value to bacteria under natural environmental conditions, negative chemotactic responses nearly always develop toward lethal or hostile chemical gradients. These are probably not spurious or redundant responses since they have definite survival value. Whilst bacteria may be equipped with a complement of receptors to detect specific compounds toward which they may thereby be attracted, it seems unnecessary to postulate specific receptors to explain behaviour toward the variety of toxic compounds from which they move away (Doetsch & Seymour, 1970; Doetsch, 1972) , and there is probably a distinct difference in the mechanisms of positive and negative chemotaxis.
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